Abstract: This review work explains some of the most important techniques to detect the occurrence of magma mixing phenomena in the volcanic rocks by using SEM (scanning electron microscope). In particular, the most useful methods related to the different types of mixing are reviewed: complete mixing (blending) or incomplete mixing (mingling). For blending, backscattered electron images and EDS (energy dispersive spectroscopy) are the most accurate methods: an example taken from a sample of ash of the 2007 Stromboli volcano eruption was used. For mingling, the best method is given by X-ray elemental mapping (in particular of Ca and Si), as explained through the example taken from a sample of the 2003 explosive eruption of Soufrière Hills volcano. The aim of this work was to establish whereas would be useful to use backscattered eletron images, EDS, or X-ray elemental mapping techniques, according to the different types of mixing that occur very often in magmatic systems.
Introduction and Background


Application of SEM (scanning electron microscope) analyses in magma mixing phenomena is one of the crucial aspects for the interpretation of a magmatic system, on which mixing can occur within two or more different magmas with different chemical composition [1, 2] .
Generally, magma genesis start with partial melting of the primitive ultrabasic magma in the mantle, followed by magmatic upwelling given by the constrast in density within the liquid phase and the surrounding rock mass, then a stagnation process in the magma chamber could occur, pursuing by fractional crystallization and/or magma mixing, in definitive the eruption happens [3] .
Magma mixing processes consist in the mixing of two or more magmas of different compositions (and thermodynamic states) to form a hybrid magma [4] . The resulting magma inherits intermediate properties of the mixed magmas. The minerals that are in equilibrium phase with one of the two magmas will be Corresponding author: Nicola Mari, Dr., research fields: volcanology, magmatology, thermodynamics of magmatic systems, planetary volcanology.
in disequilibrium state once that a new magma (with different temperature and composition) enters in the system. This "disequilibrium state" is clearly observable and detected by chemical and textural analyses.
Mixing of two different magmas can occur by two end-member processes: blending and mingling. Blending concerns a homogeneous mixing to form a chemically and physically intermediate magma [5, 6] . Mingling, the most common process, is a heterogeneous mixture, with some portions of the two end-member magmas but incomplete mixing, the resultant rock will comprise spatially different parts of each magma [5, 6] .
Controlling factor of magma mixing is due to the physical properties of magma, expecially density and viscosity [7] . Laboratory experiments shows that an increase in temperature of magma is related with a decrease in density, if there is an high difference in density within the two end-members a complete mixing is difficult to occur [8] . Magma viscosity varies also with temperature, but increases with an increase in SiO 2 content [9] .
A review about a variety of methods utilized SEM was made to detect if mixing occurs within two
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different magmas before the eruption. The most significant applied methods are: backscattered electron images, microanalyses through EDS (energy dispersive spectroscopy), and X-ray elemental mapping.
It has been identified how it is possible to detect the occurrence of this particular phenomenon, with the help of mineral modifications and geochemistry of magma, by choosing two samples from two different volcanoes (Stromboli and Soufrière Hills volcano), through the use of SEM.
Stromboli volcano is part of the Eolian Magmatic Arc located in Southern Italy and is actually one of the most active volcanoes in the world with a daily eruptive style that vary from effusive to small explosions, with episodic paroxysmal eruptions [10] . The Eolian Magmatic Arc is due to a subduction process at the boundary between the Euroasiatic Plate and the African Plate, and Stromboli represents the real expression of this subduction [11] . Volcanic products at Stromboli are mainly shoshonitic in composition with an high enrichment in gases [10] and magma mixing signatures are very common [12] .
Soufrière Hills volcano is located in Monserrat (Caribbean) and its current activity cicle began in 1896 [13] . The current eruption produces crystal-rich andesite [14] also evidencing a mixing within an acid and (the remnants of) a mafic magma into the magma chamber [14, 15] .
Methodology
In order to understand the methods to detect magma mixing at SEM two different samples of volcanic rocks (from published literature, [16, 17] ) were selected according to relevant mixing signatures in their eruption products. The study samples were derived from two volcanoes: Stromboli volcano and Soufrière Hills volcano.
Backscattered Electron Images and EDS
In the SEM a very thin electron beam, with energy up to 30 KeV, is focused on the surface of the sample inside a chamber in which void is created, conducting a scanning in form of a succession of parallel lines. At the interaction of the electron beam with the surface two types of electron appear: backscattered electrons and secondary electrons. Secondary and backscattered electrons are constantly being produced from the surface of the specimen. The secondary electrons are used to obtain images of the sample; while the chemical microanalysis is conducted measuring the energy and the distribution of the intensities of the X-rays generated by the electron beam in the sample (EDS). These analyses can be both of a selected area or a point of interest on the surface of the sample (microanalysis).
The sample of Stromboli volcano, originated from the paroxysmal eruption occurred at the summit craters on 2007, is a good example of blending (complete mixing of the two end-members): in this case the methodology that can help to recognize magma mixing is represented by the observation of the morphology and particular textures of minerals, more than a chemical analysis. This happens because, when blending occured, magma is already completely mixed and is very difficult to understand if there has been some mixing of two chemically different magmas. Thus, for blending the useful methodology consist of the observation of backscattered electron images (qualitative analysis), that can be followed by EDS analyses on different minerals in order to detect chemical varifications in the same sample (quantitative analysis) during the process of mixing.
X-Ray Elemental Mapping
X-ray maps are generated by using SEM and should be very helpful to detect which element is responsible for a chemical variation in a sample, providing images of elemental distributions in false colours. Images are generated by converting the number of X-ray photons (with a specified energy) into a brightness value for a pixel on the screen.
The sample of pyroclast, used for the proposed study, of Soufrière Hills volcano, generated during the syn-collapse vulcanian explosion in July 2003, is an example of mingling (incomplete mixing of the two end-members) within several silicic zones and a more basic host: in this case the most useful method to detect magma mixing is given by elemental mapping with energy dispersive X-ray spectrometry. This methodology simplifies the recognition of different zones with different chemical composition using different colours related to each chemical element phase in order to generate a meaningful image of the distribution of one or more chemical elements in the scanned area, for these reasons it results perfectly in case of mingling within two compositionally different magmas. In particular, the use of Ca X-ray mapping and Si X-ray mapping is considered important, because these two elements are related, respectively, to one more basic and one more acid magma.
SEM Analyses
Stromboli Sample
A sample of ash (STR180307) erupted during the 17-18 March 2007 paroxysm at Stromboli volcano can be helpful to understand how to conduct analysis in a phenomenon of blending (complete mixing).
Backscattered electron images and semi-quantitative chemical analyses were taken at the INGV (Istituto Nazionale di Geofisica e Vulcanologia), section of Catania, using a LEO-1430 SEM, equipped with an Oxford EDS, at 20 kV of acceleration tension.
In this case it is possible to show some disequilibrium textures in the minerals, due to the resorption for the differences in temperature during the mixing with a more hot magma. These disequilibrium textures (zonations, resorption rims, sieve and skeletal shapes, etc.) are well recognizable using SEM analyses as they are not so much evident under the optical microscope. Besides, using a SEM it is also possible to do immediate EDS analyses to detect variations in core-to-rim composition of minerals (i.e. plagioclase) during the mixing process, also in order to understand the magmatic evolution, for example, detecting a reverse zoning in plagioclase would mean that the injections of a more mafic magma into the system occur, interrupting the normal cycle of plagioclase zoning.
During this eruption mixing occurred without evident geochemical differences between magmas: one LP (low-porphyritic) magma (with relative absence of phenocrysts) and one HP (high-porphyritic) magma (with high presence of phenocrysts). Blending is only observable through disequilibrium textures and chemical variation of minerals during re-crystallization. Fig. 1c is a BSE (backscattered electron) image (at 500 µm) of the sample that shows olivine crystals in disequilibrium have cores with the composition of the HP magma, but by EDS analyses is well noticeable how the rims have less evolved composition due to the pyroxene rich in MgO and an increase in Fo (forsterite) in the olivine rim, probably the result of resorption phenomena within a liquid at more high temperature (reversed zoning). Surrounding the crystal of olivine it is possible to find plagioclase crystals that also show patch-zoned rims (due to the same thermal process of the olivine crystals) and are characterized by skeletal and sieve textures and glassy inclusions, testimony of mixing. The groundmass seems to be composed by the same crystal phases of the phenocrysts. Fig. 1e is another BSE image (at 200 µm) of another part of the sample that shows a crystal of olivine with more evolved composition into the core and less evolved composition on the rim (from Fo around 65 to Fo 79), due to the same process as the previous olivine. It is also very important to notice the embayed texture that characterizes the crystal, owed to the process of reabsorption (resorbed cores).
Soufrière Hills Sample
A pyroclast erupted during the syn-collapse explosion of Soufrière Hills volcano is described here in order to help the recognize of magma mingling using SEM. Backscattered electron images (Figs. 2 and 3) are derived from a Jeol IC-845A SEM, at 1500x of magnification, operating at an accelerating voltage of 15 Kv, while the working distance was of 15 mm. Fig. 2 shows the mingling phenomenon at a relatively small-scale (< 1 cm), where portions of the basic magma (intruded in the magma chamber) incorporates the more silicic magma. One of the different "textural zones" (A, C, E, F, G) of the sample describe in depth the process of mingling: zone A. On this zone some X-ray elemental maps were collected to obtain compositional variations within the sample and identification of different mineral phases.
The sample is a vesiculated clast, the silicic portions appear of various colours in trasmitted and reflected light (Figs. 2a and 2b) , some portions are red. The basic intrusion has vesicles with no specific orientation (spherical vesicles) and does not permit detailed analysis of the texture because of the poor polish. The bulk vesicularity of the entire pyroclast is around 24%, but the silicic zones are characterized by a lack of vesicles. The boundary between the two liquids (basic magma and more acid magma) varies from smooth to crenulate showing a fluidal pattern in the case of zone A. Through Ca X-ray mapping is possible to show that the basic intrusion has percolated out of the edges of zone A (Figs. 2c-2e ), generating fluidal boundaries and isolating some portions prior to quench (cooling).
Zone A measured 6 mm in diameter and with the help of the contained phenocrysts is possible to recognize processes of heating and oxidation. A typical sign of mingling in this zone is given by the pseudomorphed hornblende microphenocrysts (Fig.  3a) : in these minerals remain preserved the original crystal shape but it has been replaced by a new interlocking microlite network in equilibrium with the new liquid that enters the system, this microlite network has optically continuous pyroxene with some plagioclase crystals and Fe-oxides. Backscattered electron images were also used to measure the thicknesses of hornblende breakdown rims, a common shape that appears during mixing.
Several pyroxene crystals are also present (Fig. 3b) , with symplectite lamellae of a Fe-rich phase both in the entire and the outermost crystals. All Fe-oxide crystals have an irregular morphology (anhedral) showing that they are in disequilibrium with the other liquid and also contain evidence of oxidation (Fig. 3c) . Plagioclase phenocrysts are largely fractured (Fig. 3d) , this can happen during cooling or mixing processes; some parts are most fractured than other, sometimes with relatively large holes. Zone A contains some quartz crystals (Fig. 3e ) with a regular shape (euhedral) and thin resorption rims (a common re-equilibrium morphology during mixing processes), without overgrowth rims of pyroxene; in the large quartz crystals it is possible to show evidence of great factorization. The groundmass is rich of Fe-oxide microlites, containing only few plagioclase microlites.
Discussion
In the ash sample of ash Stromboli volcano, complete magma mixing (blending) occurred within two end-member (LP and HP magmas) causing the activity of paroxysm. Through qualitative analyses of backscattered electron images dissolution textures of minerals were detected, semi-quantitative analyses in EDS helped to understand chemical variation within cores and rims of the minerals during mixing. These reverse zoning features can point out an origin from an intermediate zone of the feeding system where convection and mixing processes between the two type of magmas are dominant. These processes (mixing, degassing, absorption) would originate a liquid with intermediate characteristics within HP and LP magmas. Pressure in the conduit can increase due to the amount of magma (feeding rate) that enter in the system, causing an high and unusual intense activity at the craters, even if with low chemical and/or physical differences.
In the sample of Soufrière Hills volcano, zone A shows lack of pyroxene microlites, this could be interpreted as an indicator of the final depth of crystallization (100-150 MPa) before the incorporation into the basic intrusion. The euhedral quartz crystals, well visibles through backscattered electron images, could be an index of temperature around zone A (maybe < 825 °C). These indications suggest a rapid mingling process happens during a fast magma ascent due to the dome collapse that created a decrease in pressure and consecuentely an instantaneous magmatic upwelling in the conduit. One of the most important observable feature is represented by fracturization of plagioclase crystals due to rapid cooling during ascent. On the other hand, pseudomorphed horneblende crystals indicate that breakdown was the result of heating during the entrance into the magmatic system of the more basic end-member. Resorption rims are also important features during mixing, occurring when two liquids at different temperature arrive in contact, crystals show compositional variation core-to-rim related to different chemical composition of the two magmas: in zone A of this sample, resorption rims are clarely visible in hornblende crystals and quartz crystals (where the still euhedral shape is an index of short period of heating prior to the eruption). X-ray elemental maps of Ca-rich melt percolating at the boundary of zone A could explain that the convecting plumes of the basic magma isolated parts of the magma chamber, incorporating pieces of the chamber margins that can explain the coexistence of quartz and orthopyroxene crystals at low temperature in the same erupted samples.
Conclusions
This review work explained the different methodologies, using the Scanning Electron Microscope, to detect magma mixing processes in volcanic samples. Two examples from published literature were used: a sample of the 2007 paroxysmal eruption of Stromboli volcano and a sample of the 2003 explosive eruption of Soufrière Hills volcano.
The sample of Stromboli volcano is an example of blending, complete mixing of the two end-members. In this case the best methodology is given by backscattering electron images for a qualitative analysis, through which it is possible to find disequilibrium textures, and semi-quantitative analyses using EDS, to show chemical variations in minerals.
The sample of Soufrière Hills volcano is an example of mingling, incomplete mixing of the two end-members. In this case the best technique is given by X-ray elemental mapping (in particular by focusing on elements as Ca and Si), in order to detect immediately the different phases of crystallization or different melts in the magmatic system. Magma mixing detecting could be an important tool for volcanic hazard and forecasting. Commonly, an increase in explosivity of the eruptions is caused by the entrance in the magmatic system of a hotter magma into a previous more differentiated magma. If it will be possible to quantify these processes, in time and space, it will be useful for the variation in explosivity and style of the eruptions.
